The CMS and ATLAS reports on a possible excess of diphoton events at 750 GeV are the cause of great excitement and hope. We show that a pseudoscalar axion coupled to the topological density of hypercharge, suggested in the past by Brustein and Oaknin as a candidate for inducing baryogenesis, can explain the signal in the diphoton channel.
the present data are i) Explain the observed excess in the diphoton channel, while such a signal is absent in other channels (for example, Zγ or ZZ.) ii) Explain the absence of the signal in RUN I of the LHC [24, 25] and iii) Explain how the width of the observed excess is in accord with the measured cross-section.
The Hypercharge Axion (HCA) was proposed in 1999 by Brustein and Oaknin [26] as part of a theory explaining the matter-antimatter asymmetry of the Universe (See also, [27, 28] .) Subsequently, possible collider signatures were analyzed in [29] and various embeddings of the model in a broader framework were discussed in [30] . We show that the Hypercharge Axion (HCA) can explain the new resonance by adding only a single new pseudoscalar particle to the SM. This is perhaps the minimal setup, because the HCA couples at tree-level only to photons and Z-bosons, but not to any other SM particles. The branching ratio of the decay channels of the HCA to photons and Z's is fixed by the Weinberg angle such that the diphoton channel is enhanced compared to the Zγ and the ZZ channels. Measuring the branching ratios of the different channels can be used to verify the model as further events are accumulated.
The HCA can be produced at the LHC via vector boson fusion (VBF) or via associated production (AP) with another photon or Z. The AP production channel at the LHC was studied by Brustein and Oaknin [29] . Its key signature is a characteristic event with a 3 photon final state which should be observed soon. The VBF production channel and the possible detection of the HCA at ATLAS was studied by Elfgren [31] . By adapting the results of the analyses for AP and VBF, we find the production cross-section and the width for a 750 GeV HCA. Previously, limits on the mass and coupling of the HCA were placed by LEP. The OPAL experiment has put an upper bound on the total cross section of the process σ(e + e − → γX)B(X → 2γ) < 0.04 pb, for 30 GeV < m X < 150 GeV , at energies √ s up to 189 GeV [32] .
For both the AP and VBF production channels, the cross-section and the decay width are linearly related, because both quantities are determined by the same coupling. Therefore, a larger decay width implies a larger cross-section and vice-versa. Additional interactions of the resonance exacerbate the puzzle of no signals in alternative channels. The AP and VBF production channels must be present if the resonance can decay to two photons. We thus believe that the tension between the production cross-section and the width has to be faced by any model attempting to describe the new resonance.
The compatibility issue of Run II with RUN I originates from the absence of excess of events, for √ s = 8 T eV and σ 20f b −1 [24, 25] , compared to the present excess when only 5.8 f b −1 have been collected by both ATLAS and CMS at √ s = 13 T eV . For the two runs to be compatible, the signal cross-section has to increase at least by a factor of a few. However, the compatibility is rather sensitive to the exact distribution of the initial partons, and such a factor could be reasonable [10] . We will not address this issue further, but wish to note the following. In hadron colliders, we may assign a typical parton-collision-energy ass ∼ 0.1 √ s = 800 GeV . Then, the production process of an X particle whose mass is 750 GeV is expected to be suppressed due to threshold effects.
In the next section we describe the general setup of the model. In section 3 we address and analyze the production and decay of a 750 GeV HCA to two photons, and mention some final comments in section 4.
The HyperCharge Axion
Pseudoscalar fields appear in several contexts, e.g. [33, 34] . Such fields X are protected by a shift symmetry X → X +c. Hence, they typically have only perturbative derivative interactions and therefore vanishing potential. Their potential is generated by non-perturbative effects, many times keeping some residual shift symmetry intact. Consider a pseudoscalar singlet of the SM, X. As such, non-perturbative effects will generate a potential of the form V (X/f ) where f is the axion decay constant, and periodicity X → X + 2πf . Coupling the axion to the Hypercharge topological density, and considering for simplicity V (X/f ) = Λ 4 (1 − cos(X/f )), the SM Lagrangian is supplemented by:
where Y µν is the U (1) Y hypercharge field strength, and the coupling
has units of mass −1 .
Notice that the last term is a dimension 5 operator, and hence we are discussing an effective theory with some cutoff. The cutoff can be, in general, different than M , since unlike the QCD axion, the HCA coupling to the abelian hypercharge topological density does not generate a potential for the HCA. Hence, the HCA must therefore get its mass from some additional sector [30] . As a consequence the scales M in the hypercharge sector and in the mass generation sector Λ, f (1) are not related. The axion can be displaced from its minimum in the early universe with interesting consequences, but for now we assume that it has reached its global minimum at X = 0, where its mass is given by m
Despite these general arguments, we consider for simplicity M ∼ f . As we will demonstrate, such simplicity makes a large width Γ/m X ∼ O(1%), technically natural. Moreover, it allows simple restoration of the shift symmetry X → X + c at f → ∞ keeping the symmetry breaking under control.
Since it couples to two neutral vector bosons, the HCA can be produced via two tree level mechanisms: a) VBF and specifically, photon fusion: q +q → q +q + γ + γ → q +q + X and b) AP, q +q → Z * /γ * → Z/γ X with three gauge bosons as its final state, and Z * /γ * denote a virtual particle. Both VBF and AP are depicted in Figure 1 . The HCA decays to γγ, γZ, ZZ, as depicted in Figure 2 . Its decay rate is given by:
Here m X is the mass of the axion. For a mass m X = 750 GeV , the branching ratios to the different channels are weakly dependent on m X and do not depend on the coupling M . The branching ratios are given by
BR(X → 2Z) = 0.05.
The fact that even in the diphoton channel only order of ∼ 25 events have been observed by ATLAS and CMS combined, explains the observation in the diphoton channel and the absence in other channels. The Zγ channel is suppressed by a factor of 1.8 compared to γγ, so one could have hoped for ∼ 15 events. However most subsequent decays are expected to be swamped by the background. The cleanest detection channel is through the decay Z → ll. However, this comes with a price tag, a branching ratio of 6%. Thus, we understand why such events were not observed [31] . The ZZ channel is responsible for only about 5% of the decays, so even before discussing the possible backgrounds one would expect at most 1 − 2 events.
For both production mechanisms, we expect a two body decay which is not too different from spherical, assuming that for most events, the HCA is produced as a non-relativistic particle. Of course, being a pseudoscalar, the helicities of the photons have to be correlated appropriately.
In the case of AP we discuss the angular distribution of the associated photon in the last section.
Precision test of the SM are almost blind to the HCA because it is a singlet and couples only to hypercharge in a gauge invariant way. For example, the additional HCA term at tree level does not affect the oblique parameters S, T , U : 3 Production Cross-section and Decay Width to Photons of a 750 GeV HCA
As mentioned, the production cross-section via AP and VBF were studied previously. Despite the fact that the studies were conducted long time ago, the parameters of the LHC were known at that time and the estimates are expected to be rather accurate. We hope to revisit and update them in a future publication.
Theoretical Considerations

Cross-section
The cross-section for AP was calculated in [29] and evaluated numerically for a 14 TeV LHC.
Because the cross-section scales as 1/M 2 , the results could be read off Figure 7 of [29] , for
The cross-section for VBF (essentially, photoproduction) was calculated in [31] and evaluated numerically for a 14 TeV LHC. Again, the results can read off Figure 3 .2 of [31] ,
The total production cross-section times the branching ratio to two photons from Eq. (5) is then given by
This result should be viewed as a reasonably accurate estimate to the actual value. However, to get a more accurate result that can be compared with a future measurement of the cross-section one needs to redo the numerical evaluation of the cross-section for a 13 TeV LHC and with updated PDF's. We expect that results, taking into account more precise PDF's, the reduction of energy from 14 TeV to 13 TeV, etc., will differ by an order of 10% at most from the previous results.
Decay width
For a 750 GeV HCA:
Hence, a large width in the GeV range is natural in the case of m X M ∼ T eV . If there is a larger hierarchy between the scales, the width can be extremely narrow. A greater challenge is the possibility that the ATLAS width, Γ = 45 GeV survives additional analysis and data collection. A width Γ = 45 GeV requires the partial width above to be Γ(X → 2γ) = 27 GeV , i.e.
T eV M
2 ∼ 22.
Theoretically, a large width can be accommodated. Let us consider the axion potential V (X/f ). As explained, the potential is generated by non-perturbative effects, and therefore, in principle, is not associated with the mass scale M . So m
Let us adopt the cosine potential form (1), and assume that M = f . In such a case we have, (12) gives:
Due to the quartic dependence, to obtain a large width, all that is needed is Λ f , so the large width is natural in the HCA model, and no small or large numbers need to be introduced.
More importantly, the analysis here is preformed by using the simplest possible axion model.
Much larger hierarchies than O(1) numbers are easily obtained once two or more different axions are considered, [35, 36, 37] .
Another possibility to achieve a width enhancement is by considering N copies of the axion.
In that case the single axion width is multiplied by N 2 giving
So to get an enhancement factor ∼ 12, three-four copies, N = 3 − 4 and M ∼ 750 GeV are sufficient.
While the large width can be accommodated, loop corrections could present a problem, especially since the theory we consider is an effective theory. So, one should worry whether contribution from loops will be as large as the tree level ones, invalidating our analysis. This concern is certainly relevant in the case we are discussing where m X ∼ M . However, two effects may relax the concern. First, the loop contributions are suppressed by factors of 1/16π 2 . So while the 1-loop might contribute, the higher order loops will still be negligible even in the m X ∼ M case. Second, as we have explained, the axion potential is generated from nonperturbative effects, and as such, naive dimensional analysis does not necessarily hold. To summarize, the broad width reported by ATLAS, that seems hard to accommodate in many models can be generated in the HCA scenario.
However, as we now show, considering the larger width Γ ∼ 45 GeV and the number of events measured ∼ 25, induces a tension between the value of the measured cross-section and the theoretically calculated one. Given that the number of events is more reliable than the fit to the width, and CMS pull towards a narrower width, we expect future data to narrow the width down, which will give also a "healthier" model from the theoretical point of view given the above considerations.
Comparison with Experiment
The two experiments do not report yet numerical values σ X BR(X → 2γ) for the excess.
However, the values can be read from the corresponding graphs. As a conservative estimate,
we adopt a value σ X BR(X → 2γ) ∼ 7 ± 5f b. The total number of observed excess events is about 25 with a large uncertainty and the total integrated luminosity of both CMS and ATLAS is 5.8f b −1 , taking into account some losses due to imperfect acceptance and the branching ratio, the two estimates seem to be in rough agreement. These estimates are also in agreement with other estimates [10, 11, 12, 13, 14, 15, 16] , which give estimates of σ X BR(X → 2γ) 10 f b.
Our estimate of σ X BR(X → 2γ) ∼ 9f b (T eV /M ) 2 in Eq. (11) fits very well the estimates of the measured quantity, provided that M ∼ T eV . In this case, we see that the AP and VBF processes saturate the expected number of events and therefore suffice as the sole production mechanisms.
As for the width of the resonance Γ X , ATLAS has reported a mild preference for a broad width ∼ 45 GeV while CMS mildly prefers a narrower width of about 20 GeV . This is the smallest width that CMS considered in the search. From Eq. (12) we see that the ATLAS result requires M ∼ 215GeV while the CMS result requires M ∼ 320GeV . So there is some tension with the above requirement of M ∼ T eV . It is likely that the width estimate is more uncertain than the estimate of the number of observed events and therefore the estimated crosssection. We therefore expect that the measured width will eventually be smaller, of the order of a few GeV.
Concluding Remarks
In brief, we proposed the HCA with m X = 750 GeV as an explanation for the recent observed diphoton excess at the LHC [1, 2] . The cross section for production of the excess diphoton events matches the measured one for an HCA coupling scale M ∼ T eV and we find that a large decay width is quite natural in the HCA model.
The actual reach of the LHC for detection of the HCA will be determined by the backgrounds. The SM background to the three photons signature is mainly a pure QED process whose differential cross-section is strongly peaked along the forward and backward directions.
The three photons events coming from near resonance AP and decay of the HCA particle have a more isotropic distribution. The angular dependence of the differential cross sections for AP is (1 + cos 2 θ γ ) where θ γ is a polar angle with the beam axis. This is the most immediate test of the HCA model. For VBF, one has to observe the forward jets of the production partons.
Moreover, since the same vertex is in charge of both VBF and AP, it seems that any alternative explanations to the diphoton resonance should also predict a signal of three gauge bosons via AP, that should be corroborated by the experiment soon.
To confirm that the X particle actually couples to hypercharge, and not merely to electromagnetic topological number density, the other two neutral gauge bosons signatures have to be detected in the appropriate ratios. Since the mass of the HCA is known, additional cuts on the invariant mass of each pair of produced bosons could be imposed. This would drastically improve the signal to background ratio in these other channels. According to [31] , without using the decay modes to jets of the Z-bosons, as many as three years of high-luminosity LHC operation might be needed for discovery.
The model we presented is rather minimal and the observed resonance explained by an effective field theory in which the only tree level coupling is between the HCA and the neutral gauge bosons. Considering additional interactions, such as direct coupling to gluons or to other particles we expect that either the branching ratio to photons should be considerably smaller than for the HCA, and/or the cross section should be considerably larger.
